We have discovered a ca. 40 (22, 23) have identified a transient electric GBR locked in time to the onset of auditory stimuli that increases in amplitude as the stimulus rate is decreased below one per second. We report here measurements of a comparable magnetic GBR, using a new-generation large-array biomagnetometer. Large-array magnetic measurements allow accurate and reliable localization of the source of the magnetic GBR in relation to the better studied M100 and M200 slowwave (low-frequency; see below) components of the field evoked by auditory stimuli (24).
Electroencephalographic oscillations in the 20-to 90-Hz frequency band were first seen by Berger (1) , who hypothesized that the high-frequency potentials he observed during performance of mental arithmetic "must be the material concomitant of mental processes." In the past few years brain activity in this firquency band, for which several authors advocate the term "gamma band" (2) , has been the subject of intense scientific interest. In the central olfactory system, oscillatory sniff-evoked gammaband responses (GBR), first studied by Adrian in the early 1940s (3), have been the subject ofdistinguished work by Freeman and co-worker (4) (5) (6) , who observed that the oscillations vary in temporal and spatial coherence depending on the animal's past experience of an odor. Recently Gray et aL (7, 8) and Eckhorn et al. (9) have reported that in cats a spatially disparate subset of visual cortical cells fires in coherent bursts (ca. 40-60 Hz) after appropriate visual stimuli. These synchronous gamma-band oscillations are now being proposed as a possible fundamental physiological mechanism underlying object recognition and attention (10, 11) . Both auditory-and somatosensory-evoked activity in the gamma band also have been noted in direct recordings from cortex, reticular formation, and cerebellum of various animals (12) (13) (14) .
In man, electric and magnetic steady-state responses (SSRs) can be driven by periodically presented clicks (15) (16) (17) (18) (19) or tone pips (20) or by amplitude modulation of continuous tone (21) and reach their maximum amplitude in adults at repetition rates of [35] [36] [37] [38] [39] [40] Hz. Both cortical and subcortical sources for the SSR have been proposed (18) . Makeig and Galambos (22, 23) have identified a transient electric GBR locked in time to the onset of auditory stimuli that increases in amplitude as the stimulus rate is decreased below one per second. We report here measurements of a comparable magnetic GBR, using a new-generation large-array biomagnetometer. Large-array magnetic measurements allow accurate and reliable localization of the source of the magnetic GBR in relation to the better studied M100 and M200 slowwave (low-frequency; see below) components of the field evoked by auditory stimuli (24) .
METHODS
The auditory stimulus-evoked magnetic brain activity generated in the left temporal cortex of 20 right-handed adult subjects was recorded in a magnetically shielded room with a 37-channel biomagnetometer (Biomagnetic Technologies, San Diego, CA). The response of one subject was recorded in 30 blocks of 128 stimuli. Three to six blocks were recorded from each of the other subjects. During the measurements subjects lay on their right side with eyes open and were asked to remain alert. Stimuli were 1000-Hz tone bursts of 60 dB relative to normal hearing level (nHL) (80-dB nHL in one session) with 500-ms duration and 10-ms rise and fall times, presented to the right ear at interstimulus intervals of 4 s. Blocks of 128 stimulus-related epochs of 1000 ms were recorded with a 200-ms prestimulus baseline. Electroencephalographic epochs were recorded simultaneously from one derivation (C,-earlobe).
The neuromagnetic field pattern was recorded over a circular area 144 mm in diameter above the auditory cortex through 37 axially symmetric first-order gradiometer pickup coils (diameter, 20 mm; baseline, 50 mm). Each coil was connected to a superconducting quantum interference device (SQUID) sensor that produced a voltage proportional to the magnetic field radial to the coil. The intrinsic noise level was <10 ff/Hzl/2 in all but one of the channels. A sensor position indicator system determined the spatial locations of the sensors relative to the head and insured that no head movements occurred during the measurements. In successive sessions, the magnetometer was carefully repositioned to allow response comparison and grand averaging. Blocks of 128 stimulus-related epochs of 1000 ms were recorded with a 200-ms prestimulus baseline in the passband of0.1-95 Hz and a sampling rate of 215 Hz. The wide-band responses were first averaged with artifact rejection and then digitally filtered in two passbands, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Hz and 28-48 Hz, to separate the evoked gamma-band and slow-wave field components.
For each subject a spherical model was fit to the digitized head shape, and the location, orientation, and amplitude ofan equivalent current dipole tangential to the surface of the model sphere (25, 26) were estimated in each passband for each point in time. The origin of the coordinate system used is the midpoint between the preauricular points; the x-axis joins the origin to the nasion; the y-axis passes between the preauricular points; the z-axis is perpendicular to the x-y plane. Correlations between the theoretical fields generated by the model and the measured field were used to estimate the goodness of fit of the model parameters. Only estimates with a correlation coefficient above 0.90 were accepted. Kardinal-von-Galen-Ring 10, D4400 Monster, Germany.
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Orthogonal coronal, sagittal, and axial MR images with 3-mm slice thickness were obtained. The T1-weighted contrast between cortical gray matter and adjacent white matter was maximized through inversion recovery sequences. The nasion and the bilateral preauricular points were identified on MR images by affixing cod liver oil capsules with an inner diameter of 3 mm. The spatial coordinates of these MR imaging (MRI) markers were used for juxtaposing the coordinate systems of the MRI and the magnetic measurements, allowing reference to a common Cartesian coordinate system.
RESULTS
In the auditory wide-band response (0.1-95 Hz), detector channels recording large-amplitude slow-wave components with peak latencies near 50, 90, and 170 ms also contain noticeable gamma-band activity during at least the first 100 ms after stimulus onset (Fig. 1 ). We present here data of the seven subjects with the best GBR signal-to-noise ratio. The wide-band response contains spectral energy in two distinct frequency ranges (Fig. 2) . One peak near 10 Hz derives predominantly from the slow-wave components, while another peak in the 30-to 40-Hz range reflects the GBR. The spectral segregation of the two responses facilitates their separation by band-pass filtering for the purpose of studying their spatiotemporal characteristics.
A plot of the distribution of the gamma-band waveforms reveals that the response consists of at least four oscillations (Fig. 3) . Further, the maximum and minimum field regions substantially overlap those of the larger-amplitude slowwave components of the evoked field ( Fig. 1) , suggesting similarly oriented dipolar sources for the evoked slow-wave and gamma-band activities. Examination of wide-band and gamma-band data for several channels located along a line connecting the maximum and minimum ofthe neuromagnetic fields (Fig. 4A ) reveals the peaks of the GBR superimposed on the early slow-wave components and confirms that the GBR burst begins before the MS0 peak and is largest just before the M100 peak. During the 20-to 130-ms period after stimulus onset, the magnetic and electric GBR records are strongly locked in phase (Fig. 4B ), though they are uncorrelated before and after. Since biomagnetic recordings are sensitive only to sources oriented tangentially to the detector coils whereas bioelectric recordings are sensitive to both radial and tangential sources, the phase-locking of the magnetic and electric GBR suggests that both responses have a common brain source oriented predominantly tangential to the surface of the head. The best-fitting equivalent current dipole source locations for the M100 and M200 peaks of the evoked slow-wave field for 30 separate data blocks from one subject are shown in Fig.  5A . The M100 and M200 peak locations are clearly separated, the M200 peak being 8 mm more anterior (P < 0.001, t test) and 4 mm more medial (P < 0.001, t test) than the M100 peak. Superimposition of these locations on the subject's brain magnetic resonance (MR) images confirmed that both components originate in the supratemporal auditory cortex (24) . The estimated GBR peak locations were mostly intermediate to those of M100 and M200 (Fig. 5A) , also suggesting a source in the supratemporal auditory cortex. However, the means of the source locations for the individual GBR peaks ( progress in an arcing trajectory beginning close to the origin of M200, then curving first deeper into the sulcus and then outward again in a posterior movement towards the origin of M100. The location of the equivalent current dipole for the largest GBR peak (near 60 ms) was distinct from the locations of M100 (4 mm medial; P < 0.001, t test) and M200 (4 mm posterior; P < 0.001, t test). Significant differences (P < 0.05, t test) in the same directions but slightly larger (5 mm) were obtained for the dipole location estimates for the seven subjects (Fig. 5C ). The grand mean dipole source location estimates for the GBR peaks (Fig. 5B) and the M100 slow-wave field component (Fig. 5A) were superimposed upon MRI sections of our Figs. 1 and 3) . The coincidence of the GBR peaks in the unfiltered and filtered data is visible as well as their polarity reversal across the recording array. The initial WBR peaks (M50, M100, and M200) are followed by a sustained field and then by an off-response that contains no noticeable GBR components. (B) Superimposition of simultaneously recorded magnetic and electric
GBRs from six subjects. A best-studied subject (Fig. 6) . Coronal, sagittal, and axial MRI views (Fig. 6 a, b, and d) show that the equivalent dipole sources are located in cortical regions on the floor of the Sylvian fissure (the transverse temporal gyrus and the transverse part of the superior temporal gyrus), which encompass the primary auditory cortex and the primary integration region (27) . In particular, the arcing trajectory of GBR activity follows the cortical surface. This is best seen in the enlarged coronal slice shown in Fig. 6c .
DISCUSSION
We propose that the auditory GBR is an event-related rhythmic response that occurs in parallel with the M50 and posterior movement of the GBR source estimates is contrary E 6 ) GBR, , l¢ ; .
to the anterior progression of the slow-wave response source locations.
While the initial peaks of the magnetic GBR have been observed in magnetic recordings and identified with peaks of the electric middle latency response (28, 29) , the full temporal extent of the response has not been recognized previously. centroid of a spatially distributed pattern of cortical activation.
The continuous and discrete moving dipole models are straightforward interpretations of the data but have no support from direct observations in the cortex. A multiple dipole model has been suggested by Scherg et al. (29) to explain their data on the early GBR components. The model they fit assumes two dipoles oriented at right angles to each other, but their results also lack support from anatomical evidence. Finely sampled observations of the spatial distribution of gamma-band activity in olfactory cortex have been reported by Freeman (4, 5) , who has observed that GBR activity in the olfactory bulb spreads out across the cortical surface rapidly in all directions from an initial focus with only a small phase lag across a recording array spanning several millimeters. Until direct observations with finer spatial resolution are available, the most plausible interpretation of our results is that GBR activity may also spread out from an anterior focus across the surface of the superior temporal plane, and the observed movement of the equivalent source represents movement of the centroid of this gamma-band activity. A conceivable function of a global GBR excitation could be to synchronize and dynamically link separate subregions of auditory cortex in order to combine separately represented auditory features into unitary auditory percepts-for example, the pitch of complex tones (30) .
The fact that electric and magnetic SSRs are largest for rates in the frequency range of the GBR (35-40 Hz) also suggests that the SSR to auditory stimuli is essentially the overlapping sum of the successive GBRs. The relative locations of the sources for the largest GBR peak and the M100 peak are also consistent with previous reports on the relative spatial locations of the M100 and the SSR (18, 19) . Many other facts about the auditory cortex GBR, including confirmation of its spatio-temporal extent, await further measurements. In general, the auditory evoked GBR appears to reflect the general observation that perception in most or all sense modalities involves coherent rhythmic brain activity at gamma-band frequencies.
